Abstract: Through a series of experiments incorporating two counter-propagating communication channels, we investigate the reciprocity nature of underwater turbulence. Bit error rate measurement and statistical data analysis reveal a high reciprocal nature of turbulence induced by the presence of bubbles, temperature, and salinity. We further demonstrate the effect of distortions at the beam level that could potentially be used for underwater communication system design considerations.
Introduction
High-Bit-Rate underwater wireless optical communication (UWOC) has lately received a considerable attention since it offers low latency and good stealth, which can complement acoustic wave communication [1] , [2] . Several reports have shown that UWOC can be efficently adopted to deliver information underwater with high fidelity over short and moderate distances up to several tens of meters [3] - [6] . Scenarios that involve air-water communications were also proposed [7] , [8] . Recent studies have further reported the use of multiple spatial modes of light to establish underwater communication links [9] - [11] . The performance of UWOC is strongly correlated to channel conditions in a manner similar to the effect of atmospheric turbulence on free space optical communication (FSO) [12] . Atmospheric turbulence, as a major concern for FSO, has been well studied in the literature [12] . The study of the effects of various underwater conditions, including temperature, salinity and the presence of bubbles, on the performance of optical wireless communication systems have just begun to gain momentum [13] - [17] . Much investigations and explorations are required to further quantify and qualify the impact of underwater turbulence on the performance of UWOC communications to benefit practical deployment of UWOC systems.
Theoretical studies in the '70s revealed that atmospheric turbulence has a reciprocal nature [18] , [19] , meaning that two laser beams propagating in opposite directions experience the same atmospheric turbulence distortions. Atmospheric turbulence reciprocity has been later confirmed experimentally [20] , [21] . Through reciprocity in FSO, a pilot signal from a receiver can be used at the transmitter end to provide channel state information (CSI), based on which the transmitter end could employ various digital signal processing (DSP) techniques. This includes adaptive modulation and coding, and varying the system bit rate [18] . Reciprocity is also a key characteristic based on which beam-phase and amplitude pre-correction can be performed through adaptive optics (AO). By exploiting the channel reciprocity characteristic, communication systems can be designed to cope with complexity and latency issues and ultimately improve the performance of FSO-based communications [22] . Similarly, investigating the reciprocity nature of an underwater channel in the presence of turbulence is crucial. However, this has yet to receive the well-deserved attention. If underwater channel reciprocity holds, no continuous feedback is needed to bring CSI to the transmitter to adapt the transmission signals to channel conditions and get better received signals at the receiver. In this work, we experimentally emulate and investigate the effect of underwater turbulence due to turbidity, bubbles, temperature inhomogeneity, and salinity on the channel reciprocity. Throughout the paper, we also provide beam profile analysis that could be helpful when designing underwater communication links subject to turbulence.
Concept and Experimental Methodology
While propagating in water in the z axis, the intensity of a light signal, I , decays exponentially following Beer's law expressed as follows:
where I 0 is the light intensity at z = 0, c(λ) denotes the attenuation coefficient measured in m −1 and depends to the wavelength λ. The attenuation coefficient c(λ) is obtained by summing two different quantities α(λ) and b(λ) which represent the absorption and scattering coefficients, respectively. Due to absorption, the intensity of two beams following the same path in opposite directions will decay in an identical manner. Water scattering also fulfill the principle of reciprocity [23] . In addition to the attenuation due to water absorption and scattering, performance of such communication depends on the underwater environment which is still a major concern. Underwater turbulence affects light propagation due to the changes in refractive index associated with fluctuations in temperature and salinity. UWOC can be also subject to air bubbles that could be mainly produced by breaking surface waves and air [25] .
As shown in Fig. 1 , our experimental investigation involves two beams produced by two identical lasers propagating through a 1.2-m-long tank filled with pure water type I from water deionizer (MilliQ Academic) to establish two overlapped channels in opposite directions. Both beams are horizontally superimposed such that they experience the same underwater conditions at the same water level.
The transmission side of each of the counter-propagating links comprised of a 520-nm green single mode fiber pigtailed laser diode (Thorlabs LP520-SF15) that is current-driven through a temperature controller (Thorlabs ITC 4000 series) and mounted on a LD/TEC mount (Thorlabs LDM9LP). At the reception side, a high-speed Si avalanche photodetector (APD) (Menlo systems APD 210) is used for each light channel. As shown in Fig. 1 , we further include two 50:50 nonpolarizing beam splitters to ensure the superposition of the two channels. The signal transmitted by LD 1 (LD 2 ) and detected by APD 1 (APD 2 ) is denoted by channel 1 (channel 2). Each laser is modulated using 1 Gbps OOK signals generated by a high-performance bit error rate (BER) tester (Agilent Technologies J-BERT N4903B). In the disturbance-free case, the bit error rate of each channel in our system equals to 10 −10 . Both lasers are set to emit continuous-wave (CW) 6 mW optical power. The APD receives 0.6 mW optical power at each side along channel 1 and channel 2.
Results and Discussion
We start with investigating the turbidity reciprocity by installing two tubes at each end of the tank, connected to two pumps to circulate the inside water. When the pumps are on, water flow is generated which is found to have no significant effect on the BER performance for both links and it remains stable at 10 −10 . As shown in Figs. 2(a)-2(d) , by comparing the histograms of channel 1 and channel 2 at clear water, obtained using 10,000 samples divided to the mean value of the samples, with those calculated under the effect of turbidity, one can conclude that there is no significant effect of the water motion on the performance of both channels due to the homogeneity of the medium. We should stress that the direction of flow in homogeneous and constant index of refraction water has a limited effect on both channels. We also collect the scintillation index (SI), σ 2 I , defined as the variance of normalized intensity fluctuations at the APD and given as follows:
where I is the collected intensity and E [I ] is the expected value of the intensity. σ 2 I has been widely considered as a key metric for the performance of optical wireless communications [26] . The σ 2 I collected for channel 1 and channel 2 are, respectively, equal to 0.497 and 0.503. The received optical powers by both APDs remain constant at the level of 0.6 mW. Although it has a very weak effect in homogeneous water, turbidity demonstrates a high reciprocal nature. We also believe that the slight difference between the histograms and the scintillation indices is due to slight misalignment or the slight difference in sensitivity between the APDs used to collect the intensity of the two light signals.
Moving to bubbles effect investigation, we place an N 2 -gas tube in the middle of the tank (position marked as P M in Fig. 1 ) to generate bubbles in a uniform manner for the two beams. For a weak bubbles regime corresponding to a gas flow rate of 1 mL/s, we report accumulated BER values, over a 5-minute time window, of 2.741 × 10 −7 for channel 1 and of 2.210 × 10 −7 for channel 2. The SI values for channel 1 and channel 2 are 0.556 and 0.624, respectively. We note that in general a higher SI value reflects higher scintillation (fluctuation) of the channel caused by underwater turbulence. In our case, the optical scintillation of the channel is represented by the electrical signal intensity converted from the optical signal by the APD and here we simply compare the change of the SI values between different scenarios which can reflect the changes of the channel performance and the effect of turbulence on the communication link. In order to quantitatively measure the goodness of fit between the intensity fluctuations histograms of the two channels, we use a correlation coefficient denoted as R 2 [27] . R 2 is calculated as follows:
where SSE is the sum of square errors with one of the histograms being the reference set of measurements and SST is the sum total of the squares of difference between the measured points and the mean value. R 2 ranges between 0 and 1 which generally increases with the goodness of fit. R 2 is unity when there is a perfect matching between the two histograms and it equals zero if there is no similarity between them. The relation of the two histograms of channel 1 and channel 2, shown in Figs. 3(a) and 3(b) , produces R 2 = 0.985. For a strong bubbles regime, that corresponds to 2.84 mL/s, the accumulated BER values for channel 1 and channel 2 are, respectively, 4.250 × 10 −6 and 2.230 × 10 −6 . σ 2 I values are equal to 0.613 and 0.633 for channel 1 and channel 2, respectively. We then change the position of the N 2 tube in the tank twice to the left end and the right end, marked, respectively, in Fig. 1 as P L and P R . In Figs. 3(a)-3(f) , the histograms of channel 1 and channel 2, at different positions of the bubbles tube inside the tank, are presented. Key performances, BER and SI, of the two optical channels, as well as the R 2 coefficients collected at different positions of the bubbles tube are presented in Table 1 . The values of the BER and SI in Table 1 show that the position of the bubbles has no considerable effect on the performance of the two channels. Comparing the results of the two channels reveals a high reciprocal nature of bubble-induced turbulence. To visualize the effect of air bubbles at the beam level, we use a Thorlabs CMOS camera (DCC1645C) to capture the beam profiles emitted by LD 1 after propagating through the bubbly water (Fig. 4) .
As observed in Figs. 4(b) and 4(c), the beam profiles are shadowed by the air bubbles which partially or almost completely obstruct the beam depending on the flow of the air. The bubbles when projected on the CMOS camera appeared flatter rather than circular which is due to the forces applied by the water molecules on the air bubbles that cannot be perfectly spherical. We believe that beams with large profiles, that can be possibly formed using a beam expander, may perform better than beams with relatively small profiles as demonstrated by [16] .
To study the effect of changing the water temperature on the channel reciprocity, different case scenarios are considered including propagating the beams between two separated regions of water with different temperatures, mixing water with different temperatures, and creating a vertical thermal gradient. As shown in Fig. 5 , we start by dividing the water tank into two regions with different temperatures separated by an acrylic board of 4 mm thickness that transmits up to 92% of visible light. The water temperature of the tank left side is set to 20.6°C, while for the right side is increased by 5, 6, and 7°C. While propagating a beam emitted by LD 1 through the two water regions, the BER performance remains stable and the accumulated BER over a time window of 5 minutes is, respectively, equal to 0.665 × 10 −6 , 0.427 × 10 −6 , and 0.319 × 10 −6 at 5, 6, and 7°C temperature difference. Similar results were obtained for LD 2 . Histograms that are presented in Figs. 6(a) and 6(b) demonstrate strong similarity between the effect of separating temperature for channel 1 and channel 2. Measured beam profile at a temperature difference of 5°C is presented in Fig. 7(a) .
We then remove the separation board to mix water from both water regions of the tank. Once the water of both regions is mixed, the beam becomes distorted as shown in Fig. 7(b) . The BER performance for both channels degrades drastically and the instantaneous values reaches the forward error correction (FEC) limit. The shape of the beam profile is changing according to the water motion and the temperature inhomogeneity. We note that variation of the refractive index of the water is governed by the variation of temperature [28] , and therefore temperature inhomogeneity creates a non-uniformity of the water refractive index which leads to beam wandering that degrades the overall performance of the underwater channel [24] . When the water starts to settle down, the lower temperature water descends to the bottom of the tank while the higher temperature water resides at the top which is related to water density that is inversely proportional to the temperature. A middle status of temperature distribution of water that we describe as a vertical temperature gradient is created. As seen in Fig. 7(c) , the beam profile expands and is shifted down due to the non-homogeneity of the refractive index of the water along the vertical axis. The vertical thermal gradient strength is measured, when the beam profile is captured, and is found to be equal to 0.1°C/cm with 21.6°C on the top of the tank and 20.8°C at the bottom. After 15 minutes, the water temperature becomes homogeneous and the beam shape recovers to the case of no-turbulence as well as the BER performance for the two superimposed communication channels.
Next, we investigate the effect of salinity. The water inside the tank has now a salt concentration of 8.33 g/L. The received powers for both APD sides are reduced to 0.58 mW. However, the BER performance remains acceptable at a level of 1.00 × 10 −6 for channel 1 and 1.01 × 10 −6 for channel 2. The SI values for channel 1 and channel 2 are 0.565 and 0.601, respectively. For a higher salt concentration of 16.67 g/L, the received powers for channel 1 and for channel 2 are reduced to 0.36 mW. Si values are increased to reach 0.638 for channel 1 and 0.602 for channel 2. The BER performance for the two channels remains at the level of 10 −6 . This can be explained by the fact that salinity mainly increases the attenuation and by doubling the salt concentration we have enough power to deliver a similar performance to the 8.33 g/L case. Measured received power histograms for the two salt concentrations are presented in Fig. 8(a)-8(d) . In Figs. 8(e) and 8(f), we demonstrate the power histograms for a water salt concentration of 16.67 g/L when the effect of turbidity due to water circulating pumps is considered.
The salinity-induced turbulence seems to have a reciprocal nature with and without water turbidity. By keeping the same salinity concentration and changing the effect of turbidity, the attenuation effect of water increases significantly as can be seen from the beam images at different turbidity conditions presented in Figs. 9(a) and 9(b). In Fig. 9(c) , a clear beam profile is obtained at low salt concentration in clear water.
Conclusion
In summary, we experimentally describe the study of the reciprocal nature of underwater turbulence effects caused by the turbidity, air bubbles, temperature variations, and salinity. By analyzing the BER performance, SI values, and power histograms, from the similar turbulence effect of two channels, the reciprocal nature of underwater turbulence is proven. It is worth mentioning that small difference in measured statistical parameters and BER could be due to the non-perfect reciprocity of the used devices due to calibration or manufacturing imperfections. To improve the performance of underwater communication system, we note that the effects of turbulence should be taken into account when designing the communication links. Several techniques that have been widely used in free space optics can be used for UWOC. Beam tracking can be used in the case of large vertical thermal gradient. Adaptive optics could also be useful to correct the wavefront of the beam when propagating through turbid water with thermal inhomogeneity. Small beams, if not subject to bubbles, can outperform large-area beams in the case of vertical thermal gradient. Using a large receiving aperture can improve the system performance in the case of salinity. Our future research directions will include the use of reciprocity of turbulent channels to establish bi-directional high-performance underwater communications within real-sea conditions.
